Abstract-The charging mechanism of the interface between an AlGaN/GaN based open-gate ion-sensitive field-effect transistor and electrolyte is studied theoretically. Density functional theory calculations are performed to obtain the energy minimum structure of the surface oxide and electrolyte interface. Thermodynamics based relations are employed to obtain the double layer parameters. An analytical model is applied to study the carrier density modulation of the AlGaN/GaN heterostructure by the influence of the surface charge.
INTRODUCTION
AlGaN/GaN open gate sensors have attracted significant interest for measuring the pH of electrolytes. The adsorption of the H + ions on the device native oxide surface results in surface charge accumulation that modulates the carrier density in the channel. However, the impact of the surface adsorption processes on the sensitivity of the sensor is not well understood. This study provides more insight into the charging mechanism of the sensor-surface and provides accurate estimation of the Ga 2 O 3 protonation properties such as the number of surface sites and dissociation rates. Fig. 1 , depicts the charging mechanism of the sensor-surface through protonation and deprotonation of the surface adsorption sites.
II. METHODOLOGY
The atomic coordinates, energetics of the relaxed structure and the surface site density are calculated through ab initio simulations. The relaxed atomic coordinates are then used to calculate the surface reaction rates and interfacial capacitance. These parameters are used to derive the surface potential and charge density. Finally an analytical model is used to obtain the sensitivity of the sensor.
A. ab Initio Calculations
Electronic structure calculations of neutral ߙ-gallium oxide slabs in the [0001] direction were performed using Quantum Espresso [5] . Norm-conserving pseudo-potentials and Local Density Approximation (LDA) exchange and correlation functions as proposed by Pedrew-Zunger [5] were employed. A kinetic energy cutoff of 156 Rydbergs and a convergence threshold of 1×10 -7 was applied to limit the error to within 5%. The Brillouin zone was sampled by Monkhorst-Pack [7, 8] k-point meshes centered at the Γ point. A mesh size of 4×4×4 for the bulk structure calculations and a mesh size of 4×4×1 for the surface calculations were used. A super-cell with 4 layers consisting of 120 atoms from the relaxed bulk structure with 10 Å of vacuum space was created to study the surface properties.
The hydration radius of a Na cation was calculated by finding the number of water molecules that relaxed within the first hydration sphere of the cation. The number of reactive surface sites on the oxide was obtained by minimizing the energy per absorbed water molecule. It was observed that the distance between the O-plane of the oxide and the first and second layers of adsorbed water was in close proximity of those of Al 2 O 3 [3, 9] . Lattice parameters of the ߙ-Ga 2 O 3 that were calculated in this study are summarized in Table 1 . The relaxed bond lengths and the average distance of the first and second layer of water to the oxide surface are summarized in Table 2 . Fig. 2 , depicts the energy minimum structure of the interface between the Ga 2 O 3 surface and the first and second layer of water molecules.
Sverjensky et al. [3] used the surface site density, N s , obtained by isotopic exchange methods. In this study, it was observed that molecular adsorption of 4 water molecules on the gallium oxide surface minimized the energy of the system. Therefore, it is assumed that 4 sites are available on average per unit cell surface area of 4.31 × 10 ିଵଽ ݉ ଶ , which gives a surface site density of 9.28 site per ݊݉ ଶ . Fig. 3 , depicts the changes of the surface adsorption energy against the number of adsorbed water molecules.
B. Surface Dissociation Rates
The oxide surface-electrolyte interface is approximated by an electrical double layer (DL) model. The surface complexation processes can be described as [3, 10] 
where > ܵ represents the surface site which is bonded to the underlying bulk material, ܽ represents the activity of the j th surface species, F represent Faraday's constant, R is the ideal gas constant, and T is the temperature. The power term in the equilibrium constant for equations 2 and 4 describes the electrostatic work required to bring the ion from the bulk to the relevant charged surface. The equilibrium process at the pH of the pristine point of zero charge (pH ppzc ) is described by
The difference between the surface protonation constants is defined as
Born solvation theory of surfaces along with the electrostatics can be used to obtain the following relations to calculate ‫ܪ‬ ௭ and ‫ܭ‪Δ‬‬ [11]
where ߳ is the permittivity of the bulk oxide and Equations 5−10 are used to derive the point of zero charge and the surface dissociation constants. In calculating the Pauling bond strength per unit bond length, the valency of the Ga can be calculated using Shannon's equation [12] 
C. Surface Capacitance
The distance of the first layer of water to the ܱ ௦ − surface i.e. ܴ ை ೞ ି ை ೢ ೞ ೌ and the cation hydration radii that were calculated through DFT calculations are used to calculate the interfacial capacitance (μ‫.ܨ‬ ܿ݉ ିଶ ) between the surface and the first layer of water The atomic coordinates from the relaxed surfacewater interface are used to calculate four out of the five parameters that are required to calculate surface speciation which are the surface dissociation constants, number of surface sites and the capacitance of the first layer. The second layer is considered as a constant capacitance [3] . The values of the calculated point of zero charge, and surface dissociation constants were in close agreement with the experimental values .
D. Surface Charging Mechanism
Despite the heterogeneous nature of the oxide surfaces, for simplification purposes, it can be assumed that all surface sites are equivalent [3] . Any surface atom capable of adsorbing or desorbing a proton is considered a surface site [2] . Therefore, mass balance on surface sites requires
where ܰ ் represents the total number of surface sites. Surface charge (C.m -2 ) at O-plane is calculated through
It can be assumed that the oxide-electrolyte interface behaves like a parallel plate capacitor where the charge and potential are related through
where ߰ represents the surface potential and ߰ ௗ represents the Stern potential. For a 1:1 (M + L -) electrolyte, electrical charge at the hypothetical parallel planes can be obtained using the modified Grahame equation [10] 
where ߝ and ߝ ௪ represent the permittivity of the free space and the aqueous medium respectively, ‫ܭ‬ is the Boltzmann's constant, ‫ݖ‬ is the ion valence number and ‫ܥ‬ is the bulk concentration of the solution (particles.m -3 ). The surface charge density can be connected to the surface dissociation reactions by [13] 
Equations 15-17 can be solved numerically to obtain the surface potential. Fig. 4 , depicts the experimental and calculated surface potential on the O-plane using equations 1 − 17. It can be observed that the simulated values are in close agreement with the experiment 
E. Sensitivity
An analytical model [14] is used to simulate the sensitivity of the device to the changes of pH. The device characteristics are the same as those of the device studied in reference [10, 15] . The AlGaN/GaN heterostructure is grown on sapphire by metal-organic vapor phase epitaxy with aluminum composition of 0.23 and AlGaN thickness of 22nm. The gate length is 1 µm and the gate width is 6 µm. The electron mobility and density of the two dimensional electron gas are 950 cm 2 /V and 8.0×10 12 cm -2 , respectively. The doping concentration is 0.5×10 18 cm -3 . The contact resistance and the saturation velocity are assumed to be 10 Ω and 1×10 III. CONCLUSION A complete description of the surface charging mechanism has been given. The relaxed bond-lengths that were obtained through ab initio calculations were used to calculate the surface reaction rates, interfacial capacitance and surface site density and all these characteristics were in close agreement with experimental values. A double layer model was used to calculate the surface charge and potential. The calculated surface potential was in close agreement with the experiment. An analytical approach was used to calculate the device current -voltage sensitivity to the changes in pH. There was an offset value observed between the simulated results and the experiment that needs to be further investigated. However, the calculated sensitivity of the sensor was in close agreement with the experiment.
